Bulk endocytosis allows stimulated neurons to take up a large portion of the presynaptic plasma membrane in order to regenerate synaptic vesicle pools. Actin, one of the most abundant proteins in eukaryotic cells, plays an important role in this process, but a detailed mechanistic understanding of the involvement of the cortical actin network is still lacking, in part due to the relatively small size of nerve terminals and the limitation of optical microscopy. We recently discovered that neurosecretory cells display a similar, albeit much larger, form of bulk endocytosis in response to secretagogue stimulation. This allowed us to identify a novel highly dynamic role for the acto-myosin II cortex in generating constricting rings that precede the fission of nascent bulk endosomes. In this review we focus on the mechanism underpinning this dramatic switch in the organization and function of the cortical actin network. We provide additional experimental data that suggest a role of tropomyosin Tpm3.1 and Tpm4.2 in this process, together with an emerging model of how actin controls bulk endocytosis.
the type and strength of the stimulus. During sustained stimulation, the major mode of endocytosis switches from the most common and well defined mechanism of clathrin-mediated endocytosis (CME) to activitydependent bulk endocytosis (ADBE) (Clayton et al., 2008; Wu et al., 2009; Nguyen et al., 2012; Gormal et al., 2015) . In neurons, other forms of endocytosis, such as kiss-and-run and ultrafast endocytosis, also occur and account for some of the plasma membrane retrieval (Ceccarelli et al., 1973; Albillos et al., 1997; Zhang et al., 2003; He et al., 2006; Zhang et al., 2007; Zhang et al., 2009; Watanabe et al., 2013; Wu et al., 2014a) . Whereas the mechanism of CME has been widely studied, the molecular interactions that culminate in ADBE remain largely unknown. As many other excellent reviews have focused on CME (McMahon and Boucrot, 2011; Godlee and Kaksonen, 2013) , the aim of this contribution is to summarize recent findings on the mechanism underpinning ADBE, with a particular focus on the role of actin in this process.
2. Activity-dependent bulk endocytosis and the cytoskeleton 2.1. ADBE in neurons and neurosecretory cells ADBE was first discovered in presynaptic neurons following high frequency stimulation at the amphibian neuromuscular junction (Miller and Heuser, 1984) , and has since been observed in numerous other models, including most notably central mammalian neurons (Marxen et al., 1999; Leenders et al., 2002; de Lange et al., 2003; Holt et al., 2003; Di Paolo et al., 2004; Evans and Cousin, 2007; Wu and Wu, 2007; Nguyen et al., 2012) . During ADBE, large amount of membrane is internalized and believed to be required to replenish synaptic vesicle pools for further rounds of stimulation, during high demand (Richards et al., 2000; Wu and Wu, 2007; Clayton et al., 2008) . ADBE can be measured by capacitance, which can differentiate between CME and ADBE and identify the kinetics of each process. For instance, the kinetics of endocytosis can be observed at murine calyx of Held, and several studies suggested a key role for temperature, and synaptic maturity which dramatically affect endocytosis speed (Renden and von Gersdorff, 2007; Sakaba et al., 2013; Watanabe et al., 2013) .
Due to the small size of the mammalian neuronal nerve terminal, direct visualization of this process is limited. However, the use of fluorescently-tagged high molecular weight dextrans which can only enter large endocytic structures are used to selectively image ADBE events. Recently, ADBE was discovered in neurosecretory cells (Gormal et al., 2015) and was shown to recapitulate most aspects of neuronal bulk endocytosis (activity-, actin-, dynamin-and myosin II-dependency), although its initiation was delayed compared to that of ADBE in nerve terminals. In neurons, the initiation of ADBE is immediate following stimulation (Clayton and Cousin, 2009b) , however in neurosecretory cells this process is delayed by several minutes (Gormal et al., 2015) . In neurons, vesicular membrane recycling is a rapid process that serve to maintain neurotransmission during sustained stimulation (Wu and Wu, 2007; Clayton et al., 2008) . However, hormonal secretion is a much slower process with little evidence of local vesicle recycling following fusion. The reason for this delay is unknown, however one could speculate that it could stem from the fact that neurosecretory cells do not require fast recycling of vesicular proteins. Such a slow process could have the advantage of integrating the amount of stimulation (phrenic nerve firing rate) over a relatively long period of time and adjusting the retrieval of plasma membrane accordingly. However, work is needed to assess how the retrieval process is triggered and adjusted to precisely counterbalance the amount of previously incorporated vesicular membrane.
Actin in endocytosis
The actin cytoskeleton comprises an array of proteins, which not only maintain the structural integrity of cells, but are also crucial for generating tension, polarity, motility and trafficking (Dominguez and Holmes, 2011) . The actin cytoskeleton is known to be critical at several steps during endocytosis (Kubler and Riezman, 1993; Ayscough, 2000; Qualmann and Kessels, 2002; Richards et al., 2004; Mooren et al., 2012) . Early studies of the role of actin in endocytosis in yeast revealed that inhibition of actin polymerization by latrunculin A, which binds to actin monomers and prevents their assembly into filaments, or inhibition of actin depolymerization with jasplakinolide, which stabilizes actin filaments, blocked endocytosis completely (Kubler and Riezman, 1993; Ayscough, 2000) . Similarly, Cytochalasin D was also shown to block ADBE in various neuronal preparations, including at the amphibian neuromuscular junction (Nguyen et al., 2012; Nguyen et al., 2014) . However, in some cellular systems, disruptions to the actin network failed to completely prevent endocytic events (Job and Lagnado, 1998; Holt et al., 2003; Sankaranarayanan et al., 2003) . This led to the hypothesis that the role of actin could be purely structural, providing changes of tension on the plasma membrane that are conducive to endocytic events (Sankaranarayanan et al., 2003) . A more recent study carefully assessed the role of actin in each form of endocytosis using capacitance recording, pHluorin imaging and electron microscopy, revealing that actin polymerization is essential for rapid, slow, bulk and overshoot endocytosis in calyceal and hippocampal synapses. Indeed, re-expression of polymerization-deficient actin mutants was unable to rescue these forms of endocytosis in knockout synapses, suggesting that polymerized F-actin is required to exert mechanical forces that mediate endocytosis and generate membrane pits (Wu et al., 2016) .
Actin participates in membrane invagination, coated pit formation and endocytic fission in non-neuronal cells, although most of these functions were identified in the context of CME (Merrifield et al., 2005; Yarar et al., 2005; Saffarian et al., 2009; Ferguson et al., 2010; Boulant et al., 2011) . However, some evidence suggests that it may not be essential in generating fission of budding CME vesicles , whereas it may play a key role in bulk endocytosis (Kuromi and Kidokoro, 1998; Holt et al., 2003; Richards et al., 2004; Nguyen et al., 2012; Gormal et al., 2015) . A key feature of ADBE is the extensive amount of membrane that is internalized. It is therefore likely that additional mechanism(s) involving actin polymerization account for the initiation of the fission of such large endocytic structures. Indeed, an acto-myosin II ring detected around nascent bulk endosomes has recently been shown to facilitate the fission of bulk endosomes, suggesting that a constriction is occurring at the neck of the nascent endosomes (Gormal et al., 2015) . It has been proposed that this constriction allows the fission machinery to be engaged at the level of the neck just prior to fission. In support of this constrictive role, fluorescence recovery after photobleaching (FRAP) experiments of endosome content restricted the presence of a ring temporally to just prior or during the fission process in neurosecretory cells (Gormal et al., 2015) . Further, both myosin II and dynamin inhibition completely blocked the constriction and fission of nascent endosomes. An alternative view involves a more structural role of acto-myosin II, such that it forms a coat surrounding nascent bulk endosomes. This coat could provide a stabilization of the microenvironment that is conducive to engagement of the fission machinery. These two possibilities are not necessarily mutually exclusive as a coat could also exert appropriate forces at the neck of nascent endosomes. A recent study which comprehensively assessed the role of actin in exo/endocytosis (Wu et al., 2016 ) identified a new mechanism involving an actin coat that mediated the formation of omega-(Ω)-profile shrinking and merging of exocytic vesicles. The authors of this study suggested that this coat could provide sufficient tension on the plasma membrane to facilitate full fusion exocytic events. Whether such a tension-control mechanism is also in place in ADBE remains to be established.
Myosin II in ADBE
The role of actin and myosin II interaction in generating forces is well established, e.g. during muscle contraction. Specifically, the acto-myosinII ring structure has been described in only a few instances, such as during cytokinesis (Cao and Wang, 1990; Pelham and Chang, 2001 ) and the exocytosis of von Willebrand factor from Weibel-Palade bodies (Nightingale et al., 2011) , whereas its involvement in the ADBE fission mechanism has only recently been reported (Gormal et al., 2015) . The authors revealed that ADBE also occurs in neurosecretory cells following sustained stimulation, and requires myosin II activity (Gormal et al., 2015) . During this process, the cortical actin network undergoes major reorganization, and actin filaments are replaced by actin rings that appear around nascent bulk endosomes. In addition, these actin rings undergo active and concerted constriction prior to fission and the release of the nascent bulk endosomes from the plasma membrane. Not surprisingly, myosin II was shown to be involved in this process, as blebbistatin (a myosin II inhibitor) not only blocked the constriction of actin rings but also reduced their number (Gormal et al., 2015) . Myosin II has also been implicated in CME (Chandrasekar et al., 2014) , although its precise role in this endocytic process has not been fully elucidated. It is tempting to assign a constricting role to myosin II, similar to that previously reported in muscle contraction, although it is important to note that the stability of the rings was also compromised by blebbistatin treatment (Gormal et al., 2015) . This strongly suggests that myosin II plays a structural role in stabilizing the actin rings in addition to its constricting function. Given that myosin II is recruited to actin filaments via a family of proteins known as tropomyosins, we herein propose that this protein family could also be involved in generating specific types of actin filaments that are capable of stabilizing actin and producing constrictive forces on the abutting membrane during ADBE.
Tropomyosin in ADBE
Tropomyosins (Tpms) confer the functional diversity of actin filaments through the generation of Tpm polymer. Tpms originate from four genes which encode 40 + isoforms via alternative splicing . In addition, within myofibrils in skeletal muscle, the binding of Tpm and cofilin to actin filaments are mutually exclusive, and the de-polymerizing activity of actin depolymerizing factor (ADF)/ cofilin family is inhibited by the presence of Tpms (Bryce et al., 2003; Curthoys et al., 2014) . Tpm3.1 can recruit non-muscle myosin II to actin filaments to generate stable filaments that create tension (Bryce et al., 2003) . Tpm has been shown to bind to caldesmon (Dabrowska et al., 2004) and the affinity between Tpm and caldesmon, a calmodulin-binding actin-regulatory protein, is enhanced by actin (Horiuchi and Chacko, 1988) . Caldesmon has been shown to inhibit actin-myosin ATPase activity, an effect which is synergistically enhanced by Tpm (see Wang, 2008 for review) . Caldesmon localizes to growth cones and filopodia of developing rat cortical neurons, where it co-localizes with myosin II and Tpm, which can be detected with an antibody generated against the TPM4 gene product Tpm4.2 (Kira et al., 1995) . Furthermore, caldesmon is enriched in the distal axon of rat hippocampal neurons where it enhances axon extension via the interaction of its N-terminus with myosin II (Morita et al., 2012) . Taken together, these data suggest that Tpms are important regulators of acto-myosin-dependent processes in neuronal cells.
The critical properties which affect the generation of tension by actomyosin II prompted us to investigate the role of Tpms during ADBE. Neurosecretory cells were stimulated to promote ADBE, then fixed 8 min post-stimulus (Gormal et al., 2015) . Using immunocytochemistry, we then labeled actin with phalloidin-Alexa488 and various tropomyosin isoforms (Tpm3.1/2 (2G10.2) and Tpm4.2 (WD4/9d) with the relevant antibodies (Hannan et al., 1998; Schevzov et al., 2005) ). This revealed that the actin-rings were positive for Tpm3.1 and Tpm4.2 ( Fig. 1 A, B) . In addition, neurosecretory cells co-expressing the actin marker lifeact-RFP and Tpm3.1-YFP were imaged by time-lapse confocal microscopy. Several minutes after nicotine stimulation, these cells also exhibited actin rings which were capable of recruiting Tpm3.1 just after their formation, but prior to ring constriction (Fig. 2) . Consistent with a role in stabilizing actin, Tpm3.1 is likely to function in maintaining the nascent endocytic neck, and helping with the recruitment of the molecular motor myosin II. We propose that Tpm3.1 could therefore play an indirect role in stabilizing and recruiting myosin II, allowing the stabilization and constriction of the actin ring surrounding the neck of nascent bulk endosomes in preparation for their fission from the plasma membrane.
A comprehensive review of the Tpms suggested that they could function as molecular 'sinks', with specific isoforms accumulating in or in the immediate vicinity of actin structures with the highest affinity for the particular isoform (Gunning et al., 2008) . The binding of Tpms can be dynamically altered by other molecules within the same microenvironment, to mediate functional changes within the actin network (Gunning et al., 2008) . The regional expression patterns of Tpm isoforms may therefore provide insight into the types of associated actin microfilament and their molecular function. Although early work suggested a role for Tpms together with actin filaments in endocytosis in yeast (Mooren et al., 2012) , it is still unclear which forms of endocytosis are controlled by Tpms. Our work provides the first mechanistic clues of how Tpm3.1 and Tpm4.2 can influence actin-ring formation during bulk endocytosis in neurosecretory cells. However, more research is needed to fully assess the role of Tpm isoforms in other forms of endocytosis. 
Phosphoinositol(4,5)biphosphate in ADBE
The involvement of the lipidic environment is also extremely important during exocytosis (Di Paolo and De Camilli, 2006; Osborne et al., 2006; Wen et al., 2012) . In particular, the phosphoinositide PtdIns(4,5)P 2 , which can bind and nucleate actin (Wen et al., 2011) , is an important signaling lipid in both exo-and endocytic processes. PtdIns(4,5)P 2 has also been implicated in ADBE, as altering its membrane levels using a pan PI3-kinase inhibitor can block endocytosis (Holt et al., 2003; Gaffield et al., 2011) . This was shown to stem from a shift in the dynamic equilibrium between PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 elicited by a PI3-kinase delta inhibitor that depends on the 3-phosphatase activity of phosphatase and tensin homolog (PTEN) (Wen et al., 2011) . PtdIns(4,5)P 2 can recruit and anchor actin barbend nucleating factors such as neuronal Wiskott-Aldrich syndrome protein (N-WASP), Arp2/3 and cdc42 (Ma et al., 1998; Rohatgi et al., 1999) , thereby initiating actin polymerization. We discovered that circular arrays of PtdIns(4,5)P 2 nanodomains appear just prior to actin ring formation. These are likely to be nucleation sites for actin polymerization. In the presence of PtdIns(4,5)P 2 , ADF/cofilin becomes more cytosolic, favoring actin polymerization. Although not experimentally tested in the context of ADBE, this could provide a nucleating platform favoring the recruitment of actin binding partners (which often compete with ADF/cofilin) to mediate subsequent steps of fission. The series of events that lead to the actin ring formation together with the precise molecular events that generate PtdIns(4,5)2 nanodomains during ADBE will require further investigation.
Dynamin
Dynamin is a large GTPase protein that is critical for the fission of endocytic vesicles from the plasma membrane during CME (Marks et al., 2001) . The role of dynamin in ADBE was recently demonstrated through the use of dynamin inhibitors and over-expression of dominant-negative mutants (Wu and Wu, 2007; Clayton et al., 2009; Nguyen et al., 2012; Gormal et al., 2015) . The dynamin-dependency of ADBE was revealed in cultured neurons (Clayton et al., 2009) , at the neuromuscular junction (Nguyen et al., 2012) , and in neurosecretory cells (Gormal et al., 2015) through the use of potent dynamin inhibitors such as dynasore and dyngo-4A (Harper et al., 2011; Harper et al., 2013; McCluskey et al., 2013; Antonny et al., 2016) . Although dynamin GTPase activity is required for all forms of endocytosis, the dephosphorylation of dynamin is particularly critical for ADBE (Smillie et al., 2013) . During sustained neuronal activity, dynamin I dephosphorylation is mediated by calcineurin (Clayton et al., 2009 ). The role of dephosphorylated dynamin I is further evidenced by the fact that cyclin-dependent kinase 5 (CDK5), the protein kinase responsible for its subsequent rephosphorylation following stimulation at Ser-778, specifically blocks ADBE and not CME . Ser778-phosphorylated dynamin is further phosphorylated at the Ser-774 position by glycogen synthase kinase-3 (GSK3) during ADBE (Clayton et al., 2010) . This is thought to be the major phosphorylation step that mediates ADBE in neurons as mutation of this site, or the inhibition of GSK3 completely blocks ADBE (Clayton et al., 2010; Smillie et al., 2013) . Upstream signaling molecules such as brain-derived neurotrophic factor (BDNF) which act on the PI3K and GSK3 pathways also arrest ADBE (Smillie et al., 2013) .
Dynamin has other potential roles in modulating actin polymerization (Kessels et al., 2001; Gu et al., 2010) which could also be important for ADBE. Indeed, we recently found that the dynamin inhibitor dyngo4a was not only involved in fission but was also capable of blocking the formation of actin rings surrounding nascent bulk endosomes (Gormal et al., 2015) . This strongly suggests that dynamin is involved in stabilizing the actin-myosin II rings preceding bulk endocytosis. However, ADBE was unaffected in dynamin I/III knockout neurons (Wu et al., 2014b) . Therefore, more work is needed to fully understand which isoforms of dynamin contribute to endocytosis (Antonny et al., 2016) .
Calcineurin and Syndapin
The cellular trigger(s) governing the switch between different modes of endocytosis, such as CME to ADBE is only partially understood. One theory is that a large increase in calcium (for reviews see (Clayton et al., 2007; Clayton and Cousin, 2009a; Nguyen et al., 2014) , which is only initiated in response to high frequency stimulation, can induce conformational and differential activation of proteins required for ADBE, thereby also serving to inhibit CME. At a low rate of neuronal activity, calcineurin remains inactive (Klee et al., 1979) , as it has a low micro-molar sensitivity to calcium. However, during sustained stimulation, the rise in calcium could trigger activation of calcineurin. Regardless of its mode of activation, calcineurin is essential for the dephosphorylation of dynamin (Liu et al., 1994) , and has been proposed to act as a 'sensor' for ADBE by several subsequent studies. Pharmacological disruption of calcineurin function results in inhibition of bulk endocytosis in cultured neurons . This essential step precedes the dephosphorylation-dependent dynamin I-mediated recruitment of syndapin (Qualmann et al., 1999; Anggono et al., 2006) , an F-BAR domain containing protein, which induces membrane curvature and tabulation to form bulk membrane invagination. The SH3 domain of syndapin can recruit the N-WASP, and subsequently Arp2/3, which can nucleate actin, create branch points and elongate actin filaments (Mullins et al., 1998; Rohatgi et al., 1999; Kessels and Qualmann, 2002; Clayton and Cousin, 2009a) . In Fig. 3 , we present a model that incorporates the major players in ADBE including the new proposed role of tropomyosin. We highlight two models that attempt to explain the role of actin, in the context of the molecular events that drive ADBE. The first model (the actin ring hypothesis), proposes that the actin stabilization takes place at the neck of nascent endosomes, and together with myosin II and tropomyosin, exert the constricting force required to initiate the fission of bulk endosomes. In the second model (omega-shaped actin hypothesis), the acto-myosin II network forms a cage-like structure surrounding the nascent endosome, and acts to promote tension on the membrane to facilitate large membrane invagination. The two models are an attempt to illustrate the key steps leading to ADBE formation and internalisation. More work is required to assess which (if any) of the two hypothesis more accurately reflect the role of the actin cytoskeleton in ADBE.
Concluding remarks
In conclusion, actin is essential for most common forms of endocytosis, and appears to be essential for the recruitment of some of the endocytic molecular machinery. However, generation of the force required for fission of large membrane invaginations during ADBE requires additional specialized binding partners, which have been suggested to include myosin II and dynamin to stabilize the acto-myosin II-mediated fission of nascent bulk endosomes. The switch to ADBE, rather than CME, as the favored recycling method in neurons and neurosecretory cells initiates a cascade of activation (calcineurin, syndapin) and dephosphorolation/ phosphorolation of dynamin and other key molecules. We provide new evidence that suggests a critical role for the Tpm3.1 and Tpm4.2 isoforms in regulating acto-myosin II formation that could serve as the constricting force in conditions where ADBE is favored. Identifying the signaling cascade of molecular events that couple the mode of exo/endocytosis with the activation and recruitment of binding partners to facilitate appropriate actin assembly requires further investigation.
Materials and methods

Cell Culture and Transfection
Chromaffin cells were isolated from protease digestion of bovine adrenal glands (derived from either sex), as described previously (Meunier et al., 2002; Meunier et al., 2005) and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% serum supreme, 2.5 μg/ml fungizone, 50 μg/ml gentamycin and 10 mM HEPES on poly-D-lysine-coated culture dishes (MatTek Corporation). Cells were transfected by electroporation using Amaxa Rat Neuron Nucleofector Kits (Lonza), plated onto glass-bottom-dishes (MatTek Corporation), and cultured at 37°C/5% CO 2 for 24-72 h prior to experimentation. Lifeact-RFP (Riedl et al., 2008) was kindly provided by Roland Wedlich Soldner, Tpm4.2 and Tpm3.1-YFP are as described previously.
Confocal Microscopy
Transfected cells were visualized with a 510 Meta confocal inverted microscope (Zeiss). The laser power was set at 1% for the 488-nm argon laser, and less than 2% for the 561-nm laser, and a 63× oil objective (NA = 1.4) was used. Cells were washed with and bathed in Buffer A (145 mM NaCl, 5 mM KCl, 1.2 mM Na 2 HPO 4 , 10 mM D-glucose, 20 mM Hepes-NaOH, 2 mM CaCl 2 , pH 7.4) before stimulation with nicotine (100 μM). Time-lapse images were acquired at 1 frame per 2 s over the 15-25 min stimulation period. Immunocytochemistry was performed as previously described (Gormal et al., 2015) using the following primary antibodies Tpm3.1/2 (2G10.2) and Tpm4.2 (WD4/9d) and phalloidin-Alexa488 (Life Technologies). The live imaging experiments were performed in three independent experiments, the time course shown is from a region of interest from one representative time course experiment. Multiple images were taken of the immunofluorescent labeling experiment performed in unstimulated and stimulated conditions. The images presented are single representatives. Fig. 3 . Model illustrating the major molecular players in ADBE as well as the new proposed role of tropomyosin in ADBE. The actin ring hypothesis proposes that the actin stabilization takes place at the neck of nascent endosomes, and together with myosin II and tropomyosin, exert the constricting force required to initiate the fission of bulk endosomes by narrowing the neck and allowing dynamin to be recruited and perform the ultimate fission. The omega-shaped actin hypothesis suggests that acto-myosin II network forms a cage-like structure surrounding the nascent endosome, and acts to promote tension on the membrane to facilitate large membrane invagination.
